We evaluated the effect of dilute sodium hydroxide (NaOH) on wheat straw at boiling temperature for removing lignin and increasing the yield of reducing sugar. Various concentrations of NaOH (0.5% to 2%) were used for pretreating wheat straw at 105 C for 10 min. Scanning electron microscopy, atomic force microscopy, and Fourier transform infrared spectroscopy studies revealed that the 2% NaOH-pretreated sample exposed more cellulose fiber. The maximum respective removal of lignin and hemicellulose was 70.3% and 68.2% from the 2% NaOH-pretreated liquor. The reducing sugar yield was 84.6% using an enzyme dose containing 20 FPU of cellulase, 40 IU of -glucosidase and 4 FXU of xylanase/g of substrate. However, 2% NaOH-treated wheat straw had the lowest crystalline index of 52.5%, due to destructured cellulose fibers. The results indicate the effectiveness of producing the bioethanol precursor from wheat straw by using 2% NaOH at boiling temperature.
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Key words: bioethanol; wheat straw; alkali pretreatment; boiling temperature; atomic force microscopy Research into bioethanol production from lignocellulosic plant materials has significantly grown over the last few decades as the decrease in non-renewable fuels and increasing greenhouse gas emissions continue to create a strengthening need for an alternative non-fossil transportation fuel. 1) Bioethanol is considered an important alternative to gasoline for transportation, because it can reduce the emission of CO 2 which contributes to the global greenhouse effect. 2) To address global warming and safeguard global energy issues, it is alluring to produce bioethanol from lignocellulosic biomass to avoid competition between food and fuel production.
3)
The conversion of biomass into bioethanol is therefore a promising alternative to fossil fuels. One suitable option is to degrade lignocellulose from wheat (Triticum aestivum L.) straw into fermentable sugars. 4) Approximately one-sixth of the total arable land in the world is cultivated for wheat. It grows rapidly on crude land and there has been increased wheat planting in Korea. 5) Lignocellulosic biomass is generally made up of a tightly-packed matrix of cellulose, hemicelluloses and lignin. 6) Wheat straw contains 34-40% cellulose, 30-35% hemicelluloses, and 14-15% lignin forming a complex structure. 7) It can consequently be an attractive feedstock to increase the production of ethanol fuel.
Pretreatment is necessary to release cellulose from its lignin seals and disrupt its structure before effective enzymatic hydrolysis to simple sugars can take place. 8) There are several different methods for biomass pretreatment which depend on the type, composition, and subsequent processing technology applied. 9) Physical treatment, including milling, grinding and chipping, aims to increase the surface area of biomass by reducing its particle size. 10) Acidic, alkaline, and organic solvents are employed to digest the hemicelluloses or lignin via chemical treatments. [11] [12] [13] Steam explosion has been applied by a number of researchers to pretreat lignocellulosic biomasses. 14) Lignin-degrading microorganisms are used as a biological pretreatment to reduce the lignin content and enhance the digestibility of cellulose. 15) However, all these methods face the challenges of cost, technological breakthroughs, and infrastructure needs. 8) Alkali-based processes have become prominent in recent years by pretreating straw and stover-type of residues, mainly because they operate under lower temperature, pressure, and residence time than with other pretreatment techniques. 16) Alkali-based pretreatment efficiently delignifies lignocelluloses by disrupting the ester bonds cross-linking lignin and xylan, leading to fractions enriched in both cellulose and hemicelluloses. 17) Temperature is an important parameter for a biomass pretreatment. A high temperature may induce overdecomposition of the biomass or the production of inhibitory compounds concerned with pyrolysis, similar to acid concentration conditions. 18) Production costs would also be unnecessarily high due to high energy consumption. Almost all previous investigations on wheat straw pretreatment with various chemicals have y To whom correspondence should be addressed. Tel: +82-55-772-1962; Fax: +82-55-772-1969; E-mail: hdyun@nongae.gsnu.ac.kr involved the application of relatively high temperature (>100 C), although lime and ammonia have proven to be quite effective at much lower temperatures (room temperature to 50 C) for an extended time. 19 ) Sodium hydroxide is a stronger base than lime and ammonia, and is thus potentially more promising to work at a lower temperature and shorter reaction time. It is necessary to perform such pretreatment of biomass at a lower temperature to save energy and cost.
The purpose of this present study was to gain a more accurate understanding of the quantity of NaOH required for pretreating wheat straw to render a biofuel precursor at a fixed boiling temperature (105 C) and reaction time (10 min). The changes in morphological characteristics of wheat straw caused by different NaOH concentrations were evaluated by using SEM and AFM, the changes in chemical characteristics were observed by FT-IR, the crystalline index of cellulose was measured by the XRD technique, and finally enzymatic saccharification of the alkali-treated samples was carried out by using commercial enzymes. C. The shredded dried raw material was milled with a Thomas Wiley model 4 mill and sieve to give particles of 0.5 mm in diameter and then stored at room temperature before being pretreated. Enzyme preparations of a cellulase complex (NS22074), -glucosidase (NS50010), and xylanase (NS22036) were kindly provided by Novozymes (Bagsvaerd, Denmark).
Materials and Methods

Materials
Pretreatment. The pretreatment was carried out in an autoclave at 105 C for 10 min. Wheat straw samples were pretreated with water and 0.5%, 1%, 1.5%, and 2% NaOH solutions at a solid loading of 10% w/v. A 100-mL glass bottle with a fitted cap was used as a container for each biomass solution during the pretreatment. The cooling and ramping time of the autoclave was approximately 15 min. Each pretreated sample was separated into solid and liquid fractions by using a Buchner funnel and GF-A glass fiber filter (Whatman, USA). The pretreated wheat straw sample was washed several times with demineralized water until neutral pH had been achieved and stored in a plastic bag at 4 C.
Field emission scanning electron microscopy (FE-SEM) and atomic force microscopy (AFM). The morphology of natural and pretreated wheat straw samples was analyzed by field emission scanning electron microscopy (FE-SEM) and atomic force microscopy (AFM). FE-SEM was conducted to analyze the micro-structural changes and surface characteristics of wheat straw control samples and those pretreated with varying concentrations of NaOH. Prior to the FE-SEM evaluation, the pretreated sample was cut into small pieces and coated with a thin layer of gold to avoid the sample becoming charged under the electron beam. An FE-SEM-XL-30SFEG instrument (Phillips, Netherlands) was used to obtain surface micrographs of the pretreated, water-treated, and natural samples by using an accelerated voltage of 15 kV.
The samples for the AFM study were prepared, and imaging was performed by using XE-100 Version 1.0 (Pisa Corp., Korea). Signal error and topographic images were recorded with an over-scan ratio of approximately 10% and scan rate of 0.75 Hz. The usual image size was 2 Â 2 mm 2 , and arrow NC (280-295 kHz resonance frequency) PISA-910M-NCHR cantilevers (Park Systems, Korea) were used. At least four different scanned areas were analyzed to study the surface morphology from the topographic images. The sample position could be located with the help of a computer-controlled scan table. Each sample was dried in a vacuum desiccator for 24 h before imaging.
Fourier transform infrared spectroscopy (FT-IR) of wheat straw. The structural constituents and chemical changes in the wheat straw samples were analyzed by using Fourier transform infrared spectroscopy. The spectra were obtained by using a Vertex 80v powder FT-IR spectrometer (Bruker Optics, Germany). The spectral ranges were recorded between 2000 cm À1 and 800 cm À1 , and discs were prepared by mixing 2 mg of a dried sample with 200 mg of KBr.
20)
X-ray diffraction (XRD) analysis. The cellulose crystallinity of wheat straw was analyzed by XRD, using a D8 Discover powder X-ray diffractometer with GADDS (Bruker, Germany) and Cu K radiation ( ¼ 1:5418 Å ). The operating voltage and current were respectively maintained at 40 kV and 40 mA. The 2 size was from 10 to 30 in steps of 0.02 with a time interval 0.4 s. The crystallinity of cellulose was calculated according to method described by Segal et al.
21)
Chemical component analysis. The basic chemical composition (cellulose, hemicelluloses, lignin, and extractives) of each solid sample was analyzed according to the method described by Lin et al.
22)
Starch and soluble sugar were measured by following the method of Hansen et al.
23)
Lignin and hemicellulose extraction. The alkali pretreated (0.5%, 1%, 1.5%, and 2% NaOH) wheat straw prehydrolysates were separated by using a Buchner funnel and GF-A glass fiber filter (Whatman, USA). Each separated prehydrolysate was centrifuged at 13,000 rpm and 4 C for 10 min to pellet the particulates. The collected supernatant was heated at 60 C in a water bath, and 20% H 2 SO 4 was added while continuously stirring until pH 2 was reached. The sample was kept in an ice bath for cooling to rapidly produce a pellet. The supernatant was decanted after centrifugation (used later for hemicellulose extraction), and the acid-insoluble lignin pellet was washed several times with acidified water (pH 2). Each lignin pellet was dried well and the weight determined gravimetrically. This method was adapted from that described by Lin et al.
24)
The decanted supernatant was used for hemicellulose extraction after lignin precipitation. The supernatant was added to anhydrous ethanol while stirring, the volumetric ratio of ethanol/filtrate being 4. Hemicellulose was separated by centrifugation (4,000 rpm for 5 min) and washed with ethanol until the supernatant become colorless. The isolated hemicellulose was finally dried in a vacuum oven at 50 C for 24 h and the weight determined gravimetrically. This method was adapted from procedure described by Liu et al.
20)
Enzymatic saccharification. Enzymatic hydrolysis was carried out by a batch system. The total batch volume was 3 mL with selected enzyme doses, and the dry powder concentration of the wheat straw samples was 10 mg/mL. The mixture was buffered with 50 mM acetic acid-sodium acetate at pH 4.8. Enzymatic hydrolysis was carried out at 50 C for a specified time in a reciprocating shaker bath. The reaction was monitored by periodically withdrawing samples from the supernatant and measuring the release of soluble reducing sugars by a DNS assay using D-glucose as the standard. 25) Total reducing sugars, which can form some aldehyde or ketone (including disaccharide and monosaccharide), can be measured by the DNS method. All assays were performed in triplicate. The yield of reducing sugars from wheat straw was calculated as follows:
Weight of reducing sugars (mg) Weight of substrate used for enzymatic hydrolysis (mg) Â 100
This procedure was adapted from the method described by Li et al.
26)
Results and Discussion
Morphological characterization
This study provides information on the structural and surface property changes that take place in wheat straw upon an alkaline NaOH pretreatment. The cuticular waxy layer on wheat straw has very low permeability to cellulose-degrading enzymes, and it was expected that the alkaline NaOH pretreatment could sufficiently remove the outer granular waxy surface and allow direct contact with the digesting enzyme. This work was focused on removing the cuticular granules of noncellulosic material by pretreating with various concentrations of alkaline NaOH. SEM images at a magnification of 1000Â were obtained for control and alkaline NaOH-treated (0.5-2% NaOH) wheat straw samples to determine the change in surface structure. Figure 1A shows the surface structure of the natural and watertreated sample to be more or less similar, and the 0.5% and 1% NaOH-treated wheat straw to have a rigid and highly ordered structure which became distorted after pretreating with 1.5% NaOH and 2% NaOH. A more distorted structure was apparent with the 2% NaOHtreated wheat straw than with the 1.5% NaOH-treated sample. This was due to degradation of the linkages between lignin and hemicelluloses and subsequent removal of lignin which increased the surface area of cellulose, making it more accessible to cellulase. 27) Furthermore, the alkaline treatment could eliminate hemicellulose and other pectins of the wheat straw fiber, making the fiber surface rougher. It has been reported that alkalization improved the adhesive characteristics of a natural fiber surface by making the surface rougher and increasing the contact areas. 28, 29) It is obvious from Fig. 1A that the 2% NaOH-treated wheat straw surface had the highest degree of roughness.
AFM has been applied to structural studies of pulp and such components as cellulose, hemicellulose, lignin and extractives.
30) The AFM study was therefore carried out to better understand the qualitative changes to the wheat straw surface resulting from an alkaline pretreatment. AFM can generate the fine surface topography of wheat straw with atomic resolution. Figure 1B shows AFM images of changes to the ultra-structure of untreated and alkaline NaOH-treated wheat straw. Figure 1Ba illustrates untreated wheat straw consisting of the cuticular waxy layer containing long-chain fatty acids, lipids, and phenolic compounds. These noncellulosic materials can be seen as grains under the topographical images by AFM. The number and size of the grains were both decreased by the treatment with alkaline NaOH, resulting in an apparently smoother surface. The topographic images of water-treated wheat straw (Fig. 1Bb) show far fewer grains compared to untreated (Fig. 1Bb) wheat straw. The wheat samples treated with 0.5% (Fig. 1Bc ) and 1% NaOH (Fig. 1Bd) show the initial grains to be no longer present on the sample surface, an uneven surface of spherical and globular shapes being seen instead. These globular shapes are characteristic of lignin deposits, 31, 32) and disappeared upon further treatment with 1.5% and 2% alkaline NaOH, as shown in Fig. 1Be and f. It appears that increasing the concentration of alkaline NaOH increased the removal of lignin. The original, untreated wheat straw surface was heterogeneous due to the presence of large grains consisting of lignocellulosic and phenolic compounds coated with a non-cellulosic waxy layer. Lignin has been found to be granular, although with irregular size and shape of the grains. 33) It is assumed from the result of the SEM and AFM study that the 2% NaOH pretreatment removed almost all amorphous lignin and extractives, and partially removed hemicelluloses from the wheat straw surface.
Structural constituents and chemical changes
The chemical changes and structural constituents of pretreated and untreated natural wheat straw samples were investigated by using FT-IR spectroscopy. FT-IR spectroscopy is a non-destructive method that can be used to study the physicochemical properties of lignocellulosic materials. 34) Table 1 shows the main FT-IR bands presented by the materials under study. The FT-IR analysis revealed changes in the structure of the materials. Various reactions were indicated such as the inclusion of alkaline NaOH in the cellulose and the splitting and formation of new inter-and intra-molecular hydrogen bonds. The prominent band at 1733 cm À1 in Fig. 2 could be attributed to the uronic esters and acetyl groups of the feluric and p-coumaric acids from lignin. This choice disappeared in the W4 sample, indicating that this treatment broke the ester bonds of the hemicelluloses and lignin, thereby removing them. The band at 1516 cm À1 was attributed to C=C stretching of the aromatic ring of lignin which was also diminished in the W4 sample but observed with other treatments. The band observed at approximately 1432 cm À1 was attributed to CH 2 bending of cellulose and lignin; however, A, SEM images of wheat straw surface: Aa, natural wheat straw; Ab, water treated; Ac, 0.5% NaOH treated; Ad, 1% NaOH treated; Ae, 1.5% NaOH treated; Af, 2% NaOH treated wheat straw. Images were taken at 1000 Â magnification. B, AFM topographic images of wheat straw surface: Ba, natural wheat straw; Bb, water treated; Bc, 0.5% NaOH treated; Bd, 1% NaOH treated; Be, 1.5% NaOH treated; Bf, 2% NaOH treated wheat straw. Images were 2 Â 2 mm 2 scan area.
for sample W4, it was attributed only to cellulose due to the disappearance of bands at 1733 and 1516 cm À1 . It is firmly believed that the disappearance of the lignin peak at 1253 cm À1 was due to removal of the lignin wrapping on the surface of cellulose fibers of the W4 sample. Sharp stretching at 1163 cm À1 representing a -(1-4) glucoside linkage was apparent in all samples. The small sharp band at 896 cm À1 is characteristic of a -glucoside linkage and demonstrates the presence of sugar units in cellulose and hemicellulose. The sharpness of this band in the W4 sample compared with the others, except for natural wheat straw, was less intense. This may have been due to the fact that this band was constituted mainly by the -(1-4) glucoside linkages of cellulose in the case of the W4 sample.
Crystallinity and cellulose recovery
The measurement of cellulose crystallinity provides a qualitative or semi-quantitative evaluation of the amount of amorphous and crystalline cellulosic compounds in the pretreated wheat straw sample. The crystalline index (CrI) is influenced by complex biomass, in which the lignin and hemicellulose are considered as amorphous, while cellulose is considered as crystalline. 40) Crystallinity of biomass material has been regarded as a major factor influencing the degradation of cellulose. The main effect of the NaOH pretreatment is the removal of hemicellulose and lignin which are both amorphous in structure. Of the three main components, the amorphous part includes not only amorphous cellulose, but also hemicellulose and lignin. The X-ray method measures the crystallinity of the entire material, including the hemicellulose and lignin, in addition to amorphous cellulose. 41) Since cellulose is crystalline, while lignin is amorphous in nature, the crystallinity of the treated samples should be increased after removing the lignin. Based on this notion, an Xray diffraction check of untreated and NaOH-treated wheat straw was carried out to examine the change occurring in the crystalline nature of the wheat straw after the chemical treatment. Figure 3 shows the XRD profiles, and the effect of the treatment on CrI of the wheat straw is given in Table 2 . It can be seen that the 35) 1038, 1061 C-O stretching of polysaccharides or polysaccharide substances 36) 1163 C-O-C anti-symmetric 37) 1253 Aromatic C-O stretching out of lignin 38) 1373 CH 2 vibrations of cellulose 38) 1432 CH 2 vibrations of cellulose 39) 1516 Aromatic C=C stretching from aromatic ring of lignin 35) 1653 Bending of absorbed residual water 35) 1733 C=O stretching of unconjugated ketone and carboxyl groups 35) Ã Natural wheat straw, water treated, 0.5%, 1%, 1.5%, and 2% NaOH pretreated wheat straw. Fig. 2 . FT-IR Spectra of Wheat Straw. WN, natural wheat straw; WW, water treated; W1, 0.5% NaOH treated; W2, 1% NaOH treated; W3, 1.5% NaOH treated; W4, 2% NaOH treated wheat straw. All treatments were carried out at 105 C for 10 min. WN, natural wheat straw; WW, water treated; W1, 0.5% NaOH treated; W2, 1% NaOH treated; W3, 1.5% NaOH treated; W4, 2% NaOH treated wheat straw. All treatments were carried out at 105 C for 10 min. a Gravimetric determination untreated wheat straw fiber had a crystalline index of 53.3%. This crystalline index was increased with increasing concentration of NaOH, reaching a maximum of 60.3% for the 1.5% NaOH-treated wheat straw. It subsequently decreased to 52.5% for the 2% NaOH-treated wheat straw. The increase in CrI value indicates that the pretreatment removed amorphous components like hemicelluloses and lignin, which in turn increased the proportion of cellulose, resulting in an increase in CrI of the pretreated samples. Increased CrI of lignocelluloses has been reported in previous studies such as the pretreatment of switch grass with acid, corn stover pretreated with aqueous ammonia, and sugarcane bagasse pretreated with formic acid. [42] [43] [44] However, 2% NaOH-treated wheat straw had the lowest crystaline index when compared with the other treatments in this study. This is presumed to have been due to the basic crystalline structure of the cellulose having been changed, together with removal of the amorphous substances (lignin and hemicellulose). Furthermore, the recovered weight of the pretreated samples decreased gradually with increasing concentration of NaOH. The slight decrease of cellulose recovery in the 2% NaOH-pretreated sample was due to the strong alkaline effect of NaOH on wheat straw.
Lignin and hemicellulose distribution across each pretreated sample and liquor
The chemical composition of wheat straw depends on such factors as farming practices, geographical location, seasonal conditions, harvesting time, and analytical procedure. The basic polymeric composition of natural and NaOH-pretreated wheat straw was evaluated and is listed in Table 3 . Although a trace amount of soluble sugar (0.8%) was found in natural wheat straw, we did not detect soluble sugar in treated sample, because it is likely that all of the soluble sugar was removed by washing with water after the NaOH treatment. However, starch was found in both the treated and natural samples. The level of lignin and hemicellulose decreased with increasing concentration of NaOH in the pretreated samples, while the cellulose level increased, being estimated as a maximum in the 2% NaOH-pretreated sample with the lowest content of lignin and hemicellulose.
Lignin acts as a physical barrier, restricting cellulase access to cellulose and thereby reduceing the activity of the enzyme through non-productive binding. 40) It was also found that the lignin reduction in wheat straw increased with increasing concentration of NaOH by quantifying the acid-insoluble lignin. The highest lignin reduction of 70.3% was obtained with the 2% NaOH pretreatment, whereas it was 56.2%, 37.2%, 32.1% and 13.7% for the 1.5%, 1%, 0.5% NaOH and water-treated samples, respectively (Table 2) . Wheat straw and sorghum straw have been reported to respectively remove 72% and 77.3% lignin when the pretreatment was carried out at 121 C for 90 min with 2% NaOH. 16) Like lignin, the hemicellulose removal was increased with increasing concentration of NaOH. The estimated hemicellulose removal was 8.8%, 18%, 24.9%, 46.1%, and 68.2% for water-treated, and 0.5, 1, 1.5 and 2% NaOH-treated wheat straw, respectively (Table 2) . Hemicellulose interacts with cellulose to form a physical barrier against enzyme attack, and effective hemicellulose solubilization could therefore enhance the digestibility of cellulose to increase the enzymatic conversion efficiency during hydrolysis. 45) The higher level of hemicellulose and lignin removal with the 2% NaOH pretreatment would render the sample more enzyme digestible than the others. The simultaneous recovery of lignin and hemicellulose from the pre-hydrolysate liquor is essential to reduce the bioethanol production cost by respectively converting to phenolic biochemicals and xylooligosaccharides.
Enzymatic saccharification of the pretreated samples Reducing sugar yield is the most important factor for evaluating the effect of sodium hydroxide concentration with this pretreatment. The lignocellulose pretreatment conditions affect the substrate characteristics, resulting in different enzymatic hydrolysis effects (i.e., the sugar yield and hydrolysis rate) under different enzyme loadings. 46) Seven different types of substrate (natural, water-treated and four NaOH-pretreated samples, and avicel) were therefore investigated for enzymatic hydrolysis with two different enzyme doses. Figure 4A shows the reducing sugar yield from the natural wheat straw, water-treated and 0.5%, 1%, 1.5% and 2% NaOHpretreated samples, and avicel under an enzyme loading of 15 FPU/g of substrate of cellulase and 30 IU/g of substrate of -glucosidase. The untreated and watertreated wheat straw exhibited-maxima of 16% and 21% reducing sugar yield after 72 h. The respective reducing sugar yields were 32%, 53% and 65% for the 0.5%, 1% and 1.5% NaOH pretreatment and reached a maximum of 83% with the 2% NaOH-treated wheat straw. Lignins were predominant in the 0.5% and 1% NaOH-treated wheat straw, resulting in lower reducing sugar yield due to lignin interference with the cellulase complex and -glucosidase. Wheat straw pretreated with 2% NaOH at 121 C for 30 min yielded 85% (850 mg/g of pretreated material) reducing sugars. 47) Supplementing the enzyme mixture with additional hemicellulase/xylanase activity should improve the hydrolysis of a mildly pretreated substrate containing a higher amount of xylan. 48) It was therefore considered that the 1.5% NaOH-pretreated wheat straw sample could have potential for increasing reducing sugar yield by boosting the enzyme dose. To confirm this, the 1.5% and 2% NaOH-pretreated wheat straw samples were again applied to saccharification with the cellulase complex 20 FPU/g substrate, -glucosidase 40 FPU/g The reducing sugar yields were 72% and 84.6% from the 1.5% and 2% NaOH-pretreated wheat straw samples (Fig. 4B) , the yield being respectively increased by 7% and 1.6%. This result suggests that the hemicellulose present in the 1.5% NaOH-pretreated wheat straw sample caused an increase in the total reducing sugars when digested with xylanase, additional cellulase and -glucosidase, and that a comparatively lower amount of hemicelluloses might have been present in the 2% NaOH-pretreated sample, leading to the negligible increase in reducing sugar yield. Greater reducing sugar yields were apparent in the pretreated samples due to higher delignification, suggesting that the NaOH pretreatment could increase the surface area and volume of the substrate that allowed sufficient contact with cellulase and -glucosidase. Many previous studies have applied SEM, FT-IR and XRD for a biomass after pretreatment. However, the surface granules or roughness composed of lignin, extractives, and partially of hemicelluloses which could not be detected by SEM could be detected by AFM. The wheat straw surface granules were visualized by using AFM and indicated that almost complete delignification occurred after the 2% NaOH pretreatment at 105 C for 10 min. The total cellulose content was increased in the 2% NaOH-pretreated sample, although the cellulose recovery was lower than in the 1.5% NaOH-pretreated sample; nevertheless, this can be considered the optimum for fermentation to bioethanol due to the higher reducing sugar yield. This pretreatment was carried out at boiling temperature with a relatively low residence time, making the energy consumption economic for bioethanol production as well as for biorefining lignin and hemicellulose. Future work should be focused on bioethanol production, as well as on the energy expenditure, to develop an effective and efficient pretreatment process for wheat straw using 2% NaOH at boiling temperature.
